Erosion losses of plasma-facing materials in a tokamak reactor during major disruptions, giant ELMS, and large power excursions are serious concerns that influence component survivability and overall lifetime. Two different mechanisms lead to material erosion during these events: surface vaporization and loss of the melt layer. Hydrodynamics and radiation transport in the rapidly developed vapor-cloud region above the exposed area are found to control and determine the net erosion thickness from surface vaporization. A comprehensive selfconsistent kinetic model has been developed in which the time-dependent optical properties and the radiation field of the vapor cloud are calculated in order to correctly estimate the radiation flux at the divertor surface. The developed melt layer of metallic divertor materials will, however, be free to move and can be eroded away due to various forces. Physical mechanisms that affect surface vaporization and cause melt layer erosion are integrated in a comprehensive model. It is found that for metallic components such as beryllium and tungsten, lifetime due to these abnormal events will be controlled and dominated by the evolution and hydrodynamics of the melt layer during the disruption. The dependence of divertor plate lifetime on various aspects of plasmdmaterial interaction physics is discussed.
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Introduction
The high energy deposited during abnormal events such as major disruptions, giant edge-localized modes (ELMS), and large power excursions on plasma-facing materials (PFMs) such as the divertor plate will lead to very high surface temperatures that will cause melting and vaporization. As a result, erosion of plasma-facing materials during these events is viewed as a critical obstacle to reliable and successful operation of a tokamak reactor. Two separate mechanisms lead to material erosion, and consequently to shorter component lifetime, during such abnormal events: surface vaporization and loss of the developed melt layer of metallic components. The initial burst of energy deposited will cause a sudden vapor cloud to form above the exposed area, significantly reducing the net energy flux to the divertor plate and leading to a substantial reduction of further material erosion. To analyze these issues, the detailed physics of plasmdsolid-liquidhapor interactions in a strong and oblique magnetic field must be developed and evaluated in a self-consistent manner.
The magnetohydrodynamics and radiation transport in the vapor-cloud region are found to control and determine the net erosion thickness from surface vaporization. In this analysis, magnetic field diffusion in the vapor, twodimensional effects of vapor expansion, and lateral radiation losses are taken into account. However, because of the shielding-layer effect, the thickness of the developed melt-layer is much larger than the vaporized thickness. During a disruption, the melt layer will be free to move, subject to various forces such as electromagnetic, gravitation, mechanical vibration, plasma particle momentum ("plasma-wind"), ablation recoil, and surface tension. Some of these forces can also trigger certain hydrodynamic instabilities, which in turn may cause melt-layer losses. Various mechanisms responsible for melt-layer erosion are discussed. It is concluded that for metallic plasma-facing materials, such as beryllium and tungsten, lifetimes due to these abnormal events will be controlled and dominated by the hydrodynamics of the melt layer and the development and growth of instabilities. Because ITER-like heat loads and disruption conditions are not achievable in current tokamak machines, laboratory experiments are used to study and simulate disruption effects. Modeling of these experiments and their relevance to reactor conditions during a disruption are discussed. The overall dependence of divertor-plate lifetime on various aspects of plasma/ material interaction physics is analyzed and discussed.
Comprehensive self-consistent model
The comprehensive model developed in the ATHERMAL-S code has been extensively used to evaluate PFMs response to disruptions [l-21. In this model, three major modeling stages of plasmdmaterial interaction were developed with sufficient detail to accurately simulate disruption effects. Initially, the incident plasma particles from the disrupted plasma will deposit part of their energy on the PFC surface. Models for particle deposition and material thermal evolution that take into account phase change, moving boundaries, and temperature-dependent thermophysical properties, etc., were developed to predict the behavior of these components. This initial burst of energy delivered to PFM surfaces from the direct impact of plasma particles will cause sudden ablation of these materials. As a result, a vapor cloud will form in front of the incoming plasma particles. Shortly thereafter, the plasma particles will be completely stopped in this vapor cloud. Continuous heating of the vapor cloud will ionize, excite, and generate photon radiation. The kinetic energy of the incoming plasma particle is therefore transformed into radiation energy.
Comprehensive models for the hydrodynamics and heating of the vapor cloud that shields the original surface were developed for the second stage of disruption modeling. Finally, models for radiation transport throughout the vapor cloud were developed to estimate the net heat flux transmitted to the facing materials. Because of the importance of radiation transport in the vapor cloud region, a self-consistent approach [3] to calculate the actual radiation field is also Detailed effects of the in-reactor strong magnetic field on vapor hydrodynamics and subsequent effects of both low-and high-atomic number materials were examined. Figure 1 is a schematic illustration of the interaction of plasma particles with the divertor plate in a strong magnetic field environment.
Coordinate X is the toroidal direction, Z is the poloidal direction, and Y is the normal direction above the divertor plate. The model also includes effects such as 2-3 vapor expansion along and parallel to field lines, magnetic field diffusion in the vapor cloud, magnetic and friction forces, and Joule heating of the vapor [2] . The reactor magnetic field is found to limit vapor expansion normal to the divertor surface. This is particularly important for the case of a closed divertor configuration. The expanding hot vapor plasma can significantly damage other reactor components that are not directly exposed to plasma disruption. It is therefore the dynamics and evolution of this vapor cloud that will finally determine the net erosion rate at the end of a disruption.
Results
In this analysis, thermal disruption quench times of 0.1-1 .O ms and plasma energy densities of 10-100 MJ/m* are used to evaluate ITER disruption conditions. Other disruption times and energy densities can also be easily examined with the codes used here. Candidate PFMs such as beryllium, tungsten, and carbon were considered in this analysis. conditions. Tungsten melt-layer thickness is about twice that of Be. The Be vapor temperature is, however, much higher than the W vapor. This is because of the higher W atomic number, which increases vapor radiation and therefore cooling of the vapor.
Most of the disrupting plasma energy flux is converted into radiation energy from the hot vapor cloud during the early stages of the disruption.
Therefore, a detailed radiation transport calculation is required to estimate the net radiated energy flux for all vapor regions back to the divertor surface. In addition to the time-dependent self-consistent model used to calculate the local radiation field at each vapor zone, the code can also use multigroup opacity and emissivity precalculated data to conserve computer time [I 1. Line radiation in the vapor is particularly important for low-atomic number materials and high-temperature vapor clouds. Line radiation and its transport are calculated separately and then added to the continuum radiation for accurate evaluation of net heat load at the dive rto r su rface. Figure 3 shows the calculated photon spectrum for the outermost vapor regions of both Be and W vapor. In most Be vapor disruption conditions, more than 90% of the hot-region radiation is attributed to line radiation. One concern is that the hot vapor may expand far above the divertor surface and cause damage to other components that are not directly exposed to the disrupting plasma. 
L?
The net erosion rate from surface vaporization of C, Be, and W candidate materials exposed to similar disruption conditions is shown in Fig. 6 . The carbon vaporization rate is higher than metallic beryllium and tungsten, as determined by the complex interplay of material properties and thermodynamics, vapor magnetohydrodynamics, and detailed photon radiation transport. These interaction processes must be linked dynamically in a self-consistent way to correctly evaluate divertor plate erosion rates.
Melt-layer erosion
Because of the large optical thickness of the vapor cloud generated near the divertor surface during the disruption, only a small fraction (<IO%) of the radiated energy flux reaches the material surface. The erosion thickness of candidate materials from vaporization is generally less than 10 pm over a wide range of incident particle flux. The melt-layer thickness of metallic candidate materials, however, can be higher by more than one order of magnitude. 
F i g s '79
During a disruption, the melt layer is subject to various forces such as electromagnetic, gravitation, mechanical vibration, plasma momentum, surface tension, and ablation recoil [4] . Several mechanisms can cause melt-layer loss during the thermal quench phase of the disruption [5] . One mechanism that can contribute to melt-layer loss is melt splashing from overheating of the melt layer due to formation, growth, and boiling of gas bubbles. Another mechanism of melt-layer erosion is splashing due to absorption of plasma momentum. A further important erosion-causing mechanism is instabilities that develop in the liquid layer because of various forces acting on the free surface of the liquid. Models to study melt-layer erosion due to various mechanisms are implemented in the SPLASH computer code [6] . The 
Simulation experiments
In current tokamak machines, ITER-like heat loads and disruption conditions are not achievable. Therefore, the expected ITER conditions during a plasma disruption must be simulated in the laboratory. Experiments using laser Therefore, it is necessary to account for the influence of plasma particles on vapor hydrodynamics and on radiation transport [3] . Initially, the D* plasma ions deposit their energy in the target material and then in the target vapor. Soon after, the density of the stopped plasma particles becomes comparable and can exceed that of the target vapor. After a few microseconds, an almost pure deuteron plasma particles exist at the front region of the vapor cloud, as shown in Fig. 9 . Most of the incoming energy is further deposited and stored as thermal energy in the plasma particles. Part of this energy is transferred to the target vapor behind the mixture region via electron heat conduction. The calculated electron temperature and density are in good agreement with measured data. In ITER, the situation is different. The density of incoming plasma particles is much less than that of the target vapor. Only a small fraction of the energy is stored as thermal energy. Most of the deposited energy is radiated from the target vapor to the divertor surface and other components. This may cause more erosion in ITER than expected from gun experiments, for the same initial disruption energy and deposition time. 
